Abstract
Introduction
What is a residual soil? There are several definitions around the term 'residual soil', proposed by different authors over the years. Generally, a residual soil is a soil which has been formed in situ by the decomposition of the parent material and which has not been transported any significant distance. Below are some of the definitions that have been proposed over the years:
 A residual soil is the product of rock weathering that remains in place above the yet-to-be weathered parent rock (Sowers 1985) .
 A residual soil is material with a soil-like consistency that is located below the local ancient surface (i.e. below the pebble marker (Blight 1985) ).
 A soil formed by weathering in place, but with the original rock texture completely destroyed; a definition commonly used in a wider sense to include highly to completely decomposed rock which is an engineering material that behaves like a soil (Brand & Phillipson 1985) .
Kaolinites that form because of chemical weathering, can form many species within the residual soil and can show different crystallinity which equally control the mineral stability within the soil (Schellmann 2008) ; hence residual soil containing kaolinite has higher strength and a lower compressibility than one with a similar clay fraction containing smectite (Bell 2000) .
According to Horn and Deere (1962) , kaolinite is a layer lattice mineral that, when saturated, has a basic friction angle which is reduced greatly due to the lubricating action of water (tan' sat / tan' dry = 0.4 to 0.6).
Further chemical and mineralogical changes through weathering may occur within short periods of time along discontinuities planes and within the soil matrix itself (i.e. changes of mineralogy in a halloysite-rich volcanic saprolite contributed to the creeping of the surface material and formation of shear surface at a landslide in Hong Kong (Irfan 1994) ).
The role of structural controls in residual soils
The role of relict structures in the stability of residual soils, particularly the saprolites, is quite significant. The significance of relict structures in saprolites is due to preservation of the microfabric and volume of the parent rock (Aydin et al. 2000) . According to a statistic by Irfan and Woods (1988) , they state that many of the landslides which occur in the saprolitic soil zone are directly or indirectly controlled by relict structures or discontinuities. Several other authors who have alluded to the role of relict structures in slope failures (St John et al. 1969; Vargas & Pichler 1957; Massad & Teixeira 1985; Costa & Fernandes 1985; Crowland & Carbray 1988; Chigira 2001; Wen & Aydin 2003 ).
Because of a smearing effect when saprolitic soils are excavated during site investigations and/or mining activities, it becomes very difficult and cumbersome to clearly delineate the extents of structural networks in saprolitic soils. This notion has been identified as an attribute to landslide occurrences (Irfan 1998) . The inadequacy of attention to structural features during site investigations and construction leads to application of inappropriate methods of analysis for design.
Besides the role of relict structures within a saprolitic soil, there are other sources of heterogeneities that might be prevalent in residual soils (i.e. microfabric and mineralogical variations and macro-structural features such as secondary clay seams, relatively less weathered rock slabs, irregular zones of contrasting weathering, differential weathered dykes, corestones and soil pipes at a field scale (Aydin & Duzgoren-Aydin 2002) ). The large variability of the heterogeneities implies that some critical features that might have a greater effect on stability might be misrepresented during data collection or might totally be omitted in the stability analyses. According to Hencher et al. (1984) , the importance of the heterogenous nature of saprolitic slopes is that some steep slopes which had been predicted to be unstable remained standing, while others that had been predicted to be stable collapsed or underwent large or progressive deformation, thus being consistent with the unpredictable nature of saprolitic soils with heterogeneities in slope designing.
This unpredictability of strength parameters due to variability over short distances in saprolitic soils requires that more representative strength parameters be determined through back-analyses of slope failures or the use of empirical designs based on local site-specific experiences. Variability of scales should be reduced from tens of metres to scales of 1 to 2 m, and finally, to tens of centimetres within representative samples (De Mello 1972) . By this reduction, the problem of multilevel complex heterogeneities in ground investigations is reduced (Aydin et al. 2000) . However, Hencher and McNicholl (1995) pointed out the difficulties that surround accurate predictions of geotechnical conditions, despite careful investigations, and that variability cannot usually be determined from extrapolation or interpolation.
Stability effects of corestones in residual soils have been extensively studied by Lindquist and Goodman (1994) , West et al. (1991) , and Hencher and Martin (1982) . Corestones are defined as a chaotic occurrence of large particles (boulders and cobbles) in a matrix of considerably smaller particles (sand and silt) which is typical of saprolites and developed over widely to moderately jointed igneous and metamorphic rocks (Aydin et al. 2000) . West et al. (1991) concluded that, depending on the relative strength of larger particles, three types of failure surfaces were suggested:
Involving intra-block fractures (weak large blocks).
Through block-matrix contacts (strong block, low stress allowing dilation).
Formation of wide shear zones due to block interaction:
a. Provided the blocks are not too large with respect to slope, b. the soil is not strongly bimodal, c. large particles content >25-30%, or d. there is high stress supressing dilation. Figure 2 shows the influence of large particles on a failure surface, highlighting the three types of failure discussed above. According to Aydin et al. (2000) , the effects of large particles on stability of slopes discussed above, do not account for position and distribution of other features such as small relict discontinuities around which slip zones may initiate and propagate. Also, the relative position and orientation of corestones with respect to the slope toe may significantly influence the critical local stress concentration and possibly the thickness and geometry of the potential slip zone. 
Hydrological conditions and residual soils
Surface and sub-surface hydrological patterns play a major role in the behaviour and characteristics of residual soil's integrity and stability as they tend to manipulate the principle engineering aspects that govern stability (i.e. shear strength, compressibility, consolidation and permeability). It is from this deduction that many slope failures in tropical regions, typically characterised by residual soils, are attributed to complex hydrological conditions.
According to Aydin (2006) , abnormal flow patterns, fast build-up and/or chaotic distribution of porewater pressure are the most common causative factors of landslides. The interaction of hydrological conditions and flow patterns within paleo-structures has a significant effect on the engineering properties of residual soils. According to Aydin et al. (2000) , asymmetric responses of saturation-dissipation cycles can be attributed to relict structures that are interconnected or open to surface infiltration paths but terminate at low permeability boundaries. The resultant prolonged state of saturation leads to a loss of cohesion (relict bonding) and collapse of material.
The statement by Aydin alludes to that of Hencher et al. (1984) , that many failures can be attributed to complex hydrological conditions that cannot be accounted for in stability analysis. Relict joints and corestones-matrix boundaries may act as preferential seepage paths sometimes resulting in high inflow rates leading to internal erosion and soil pipes (Brand et al. 1986 ).
Residual soils are usually characterised by high-permeability patterns caused by various factors including their relatively coarse nature, presence of unusual clay minerals, and forms of micro-structures (Wesley 2013) . These high-permeability patterns make the residual soils susceptible to rapid changes in material properties when subjected to changes in external hydraulic patterns (Aydin et al. 2000) .
A good summary of the behaviour of cut slopes in residual soils to intense prolonged rainfall, which is a main trigger for slips and landslides in such slopes, was done by Wesley (2013) , who attributed such instabilities to high-permeability patterns that are characteristic of residual soils. Wesley, compared the permeability of residual soils to that of sedimentary rocks, and his concluding remark was that water tables in residual soils may be relatively steep. Figure 4 shows the short and long-term stability of residual slopes, and variation of pore pressure, effective stress and Factor of Safety (FS) relative to cyclical variations of seasons (time). Understanding of the hydrologic behaviour of residual soils slopes under different climatic conditions can provide mitigatory strategies against rainfall-induced slope failures (Rezaur et al. 2003) .
Figure 4 Short and long-term stability of slopes in residual soils and sedimentary rocks (after Wesley 2010a)
Slope failures in residual soils have been linked to both the intensity and duration of rainfall events, and have been shown to occur as a result of dissipation of the negative pore pressure in the slope as a result of infiltration (Fredlund & Rahardjo 1994) . Failure is often rapid and occurs sometime after rainfall commences, and in some instances, after the rainfall ceases or diminishes (Lumb 1975; Brand 1984; Vargas et al. 1986 ).
Shear strength of residual soils
Generally, the factors influencing the strength and behaviour of tropical residual soil are inter-particle bonding, relict structures and discontinuities, anisotropy, partial saturation, and lastly, void ratio (Blight 1997).
Selection of appropriate shear strength (saturated/unsaturated) parameters is critical in the evaluation and design of residual slopes. Residual soils like many of the other soil formations are usually characterised by saturated and unsaturated soil conditions. According to Fredlund and Rahardjo (1993) , soils that are unsaturated form a large category of materials which do not adhere in behaviour to classical, saturated soil mechanics.
Residual soils are often unsaturated (or approaching saturation) in nature, and the porewater pressures are negative relative to atmospheric conditions (Rahardjo et al. 1995) . Matric suction has been attributed to be the main contributor towards the stability of natural slopes in residual soils (Fredlund & Rahardjo 1985) .
The shear strength theory of an unsaturated soil takes the form of an extended Mohr-Coulomb envelope (Fredlund et al. 1978) , which can be used to evaluate the contribution of the matric suction on the shear strength (Rahardjo et al. 1995) . The shear strength equation for unsaturated soils is:
where:
τ ff = shear stress on the failure plane at failure. The shear stress has subscript 'ff', with the first subscript, f, referring to the failure plane and the second subscript, f, indicating the failure condition (Gan & Fredlund 1992 ).
c' = intercept of the 'extended' Mohr-Coulomb failure envelope on the shear stress axis where the net normal stress and the matric suction at failure are equal to zero (also referred to as effective cohesion).
(u a -u w ) f = matric suction on the failure plane at failure, where u a is pore-air pressure and u w porewater pressure.
(σ f -u a ) f = net normal stress state variable on the failure plane at failure.
φ' = angle of internal friction associated with the net normal stress variable (σ f -u a ). Equation 1 defines a planar failure envelope surface (Rahardjo et al. 1995) , as shown in Figure 5 , though other authors have proposed non-linearity in the shear strength versus matric suction relationship (e.g. Satija 1978; Escario & Saez 1986; Gan & Fredlund 1988; Drumright 1989; Toll 1990 ). Figure 5 shows a planar failure envelope for a saturated condition where the matric suction is zero. The effective angle of internal friction is the same for all suction values since the failure envelope is assumed to have no 'warp' (Fredlund & Rahardjo 1994 ). The shear strength equation for an unsaturated soil can be viewed as an extension of shear strength equation for a saturated soil. For an unsaturated soil, two stress state variables are used to describe its shear strength, while only one stress state variable (i.e. effective normal stress σ f -u wf ) is required for a saturated soil (Gan & Fredlund 1992 ).
The shear strength of a saturated soil is commonly described using the Mohr-Coulomb failure criterion and the effective stress concept (Terzaghi 1936) .
τ ff = shear stress on the failure plane at failure.
c' = shear strength intercept on the shear stress axis when the effective normal stress is zero. Also referred to as 'effective cohesion'.
(σ f -u w ) f = effective normal stress on the failure plane at failure.
σ ff = total normal stress on the failure plane at failure.
u wf = porewater pressure at failure.
φ' = effective angle of internal friction.
Equation 2 defines a line which is commonly referred to as a failure envelope. The envelope represents possible combinations of shear stress and the effective normal stress on the failure plane at failure.
According to Gan and Fredlund (1992) , the extreme variability in the shear strength is likely due to the importance of the initial soil structure of the soil. In saprolitic soils, the structure of the soil is, amongst other factors, also strongly affected by the microfabric of the soils. The microfabric is a function of the nature and intensity of the weathering process (Massey et al. 1989) .
From the preceding paragraphs, the effects of matric suction on the stability of slopes, particularly those slopes cut in residual soils, have been extensively documented by various authors who, more or less, converged on the same conclusions regarding matric suction and stability of slopes. Hence, slope designs in residual soils should adopt similar principles, determination of the matric suction and its effects in the calculation of the strength properties of the soil and derivation of practical safety factors for slopes. Studies by Ching et al. (1984) have indicated that soil suction plays a significant role in increasing the FS for slopes.
From these studies, different stability models have been developed to include the effects of soil suction on the stability of slopes. Griffith and Lu (2005) developed the Lu and Likos (2004) model, which estimated the effects of soil suction on the stability of slopes rather than altering the shear strength of the soil as presented by Fredlund et al. (1978) . The equation by Lu and Likos (2004) unified saturated and unsaturated conditions, to estimate the effects of soil suction on the effective stress of the soil. Other models have been proposed by Lu and Godt (2008) , Anderson and Lloyd (1991) , and Wilkinson et al. (2002) .
Typical slope failures in residual soils
Slope failures in residual soils have been linked to both intensity and duration of rainfall events, and have been shown to occur as a result of dissipation of the negative pore pressure in the slope as a result of infiltration (Fredlund & Rahardjo 1994) . Failure is often rapid and occurs sometime after rainfall commences, and in some instances, after the rainfall ceases or diminishes Lumb 1975; Brand 1984) . Surface and sub-surface water management around pit slopes hence becomes critical in order to regulate surface flow around the pit crest and to minimise rate of infiltration, especially from ponded water. Reducing residency time for water sitting on catchment berms also allows for delayed dissipation of negative pore pressure, enhancing the stability of the slopes.
According to Wesley (2011) , slope failures in residual soils are unlikely to be deep-seated circular failures, especially when steep slopes are involved, they are likely to be relatively shallow, with fairly planar failure surfaces. Failures in residual soils, particularly saprolites, are mainly controlled by relict structures and intact weathered material. According to Irfan (1998) , the main failures involving relict structures can be grouped under the following headings:
 Translational failures with shear surfaces defined entirely or partially by relict structures (planar, wedge or a combination of types).
 Toppling and mass toppling.
 Circular and non-linear failures.
 (Progressive) mass creep and complex failures.
Generally, failures along prominent structures are rapid and very common to occur during or after heavy rainfall. For residual soils (weathered rock mass), conventional limiting equilibrium methods of stability analysis become inappropriate for progressive failures, as they do not take account of stress distribution within a slope (Irfan 1998 ).
3
Uncertainty in residual soil slope design Lupo et al. (2015) recommends a slope design process for residual soils, and this approach is supported by the authors. However, this approach can be enhanced by further consideration of uncertainty in the design process.
As with any slope design, it is important to develop a reliable slope design that satisfies industry acceptance, such as FS and probability of failure (PF). To do this, it is necessary to develop design inputs that are at an appropriate confidence level or reliability to support the study stage or final design (i.e. inputs need to be commensurate with the required design reliability). This requires the development of the suitable geotechnical model at the required confidence level and the derivation of appropriate material property inputs.
The term 'uncertainty' is loosely applied in geotechnical engineering and can broadly be divided into natural uncertainty (randomness) and uncertainty related to human nature (lack of knowledge and understanding). A discussion of various types of uncertainty can be found in Dunn (2014 Dunn ( , 2015 . When dealing with geotechnical uncertainty it is common to refer to data confidence or data reliability and these terms are often used interchangeably when discussing geotechnical data and models, which can be confusing.
Confidence can be expressed as a level or an interval. A confidence level refers to the percentage of all possible samples that can be expected to include the true population parameter. Statisticians use a confidence level to describe uncertainty associated with the interval estimate.
A confidence interval is used to express the degree of uncertainty associated with a sample statistic. A confidence interval is an interval estimate combined with a probability statement. Confidence intervals are preferred to point estimates, and to interval estimates, because only confidence intervals indicate (a) the precision of the estimate and (b) the uncertainty of the estimate. Reliability is a statement of error or precision of an estimate. Data reliability is a state that exists when data is sufficiently complete and error free to be convincing for its purpose and context.
Uncertainty has a direct impact on the data confidence and reliability, and thus has a direct impact on the design reliability. This would typically be due to increased PF for a given FS (i.e. a large spread in input data will result in a wider spread around the mean FS and increase proportion of values FS < 1 (PF)). The higher the PF, the lower the design reliability.
The following sections briefly discuss geotechnical uncertainty in the context of slope design in residual soils, and include an overview of the geotechnical model and an attempt to quantify uncertainty associated with shear strength parameters. The data used to demonstrate geotechnical uncertainty is from various saprolite slope design studies.
Geotechnical model
The geotechnical model is the basis of any geotechnical design and this model needs to be at a confidence level commensurate with the required design reliability. The requirements for a geotechnical model used in slope design are described in detail by Read and Stacey (2009 There are various uncertainties associated with development of geotechnical models, and these are described by Dunn (2014 Dunn ( , 2015 . Generally, the quality and confidence level of the geotechnical model improves over time as the project advances through early study to operational stages. Read (2009) defines target confidence levels for the various components of the geotechnical model at various stages in the project life.
The collection of rock/soil mass data for saprolites can be challenging as these materials bridge the soil to weak rock mass transition zone. Conventional rock mass classification systems, such as rock mass rating (Bieniawski 1989) or geological strength index (Marinos & Hoek 2000) , are generally not suitable for weaker rock masses whilst soil classification systems (e.g. unified soil classification system) are more applicable to soils. Often, a hybrid approach must be applied to zone or domain these materials. This is discussed in Martin and Stacey (2018) .
Laboratory index testing such as Atterberg limits and particle size distribution (PSD) are useful for characterising these materials as can various field index tests. Laboratory testing (direct shear and triaxial) are generally used to determine material strength parameters. Lupo et al. (2015) provides a good overview of data collection and characterisation for residual soils.
Obtaining undisturbed samples of saprolites, and residual soils in general, can be challenging and generally requires a range of approaches, such as triple tube core drilling, use of a Shelby tube or Mazier automatic core barrel for taking samples, as it permits removal of sample as it is taken from the ground, guaranteeing the 'in situ condition' of core to be sampled. If there is suitable access, collecting block samples which can be trimmed or cored in the laboratory can yield good results. Irrespective of the sampling methods, it is critical that samples are well packaged to retain moisture and keep them intact. Significant errors can occur due to poor sampling practices and incorrect packing and handling of samples; this can result in significant uncertainty related to poor testing results.
Deriving shear strength parameters
Slope stability analysis for saprolite slopes requires the derivation of the shear strength parameters cohesion and friction angle. These parameters can be derived using a range of methods as follows:
 Empirical look-up charts based on plasticity index derived from Atterberg limits (φ only).
 PSD and Dhawan relationship (φ only).
 Direct shear testing.
 Triaxial testing (typically consolidated undrained).
 Back-analysis of failures. Lupo et al. (2015) provides a good overview and discussion of laboratory testing for the determination of shear strength properties. In this paper, it is assumed that the laboratory testing is undertaken in line with the practices outlined by Lupo et al. (2015) . Only direct shear testing and triaxial testing can provide both cohesion and friction angle parameters. Given the difficulties associated with getting good quality samples of weak materials such as saprolites for laboratory testing, the number of tests may be limited. If back-analysis is being used, again the sample size is likely to be quite small, and generally the solution is not a unique and is typically deterministic.
When deriving shear strength parameters, it is necessary to consider uncertainty. In this case, the uncertainty could be in two forms; the first is that there is insufficient high-quality data; and secondly, natural materials have an inherent natural variability. It is important to understand both uncertainties when trying to derive reliable input parameters.
There are different ways of evaluating direct shear and triaxial laboratory test data to derive shear strength parameters. The design engineer may decide to look at all direct shear test in shear-normal plots or triaxial data in P-Q or σ 1 -σ 3 space and fit a curve defining mean, upper or lower bound cases. Alternatively, the design engineer may decide to compile all test data and compile statistical summaries. The approach followed is typically based on engineering judgement and personnel experience. Irrespective of what method is used to assess the laboratory results it is necessary to gain an understanding of the confidence level and natural variability of the shear strength parameters as they impact directly on the design reliability.
Quantifying shear strength uncertainty
The uncertainty associated with the shear strength is parameter uncertainty, and represents the spatial variability of shear strength within the soil or rock mass. Read (2013) outlined two methods that could be used for assessing parameter uncertainty. The first is the coefficient of variation (C v ) which is determined from the mean and standard deviation (SD) of a dataset and is expressed as a percentage. Typically, a C v value of less than 10% is considered low and values greater than 30% are considered high. Read (2013) concluded that whilst C v is a valuable screening mechanism when making decisions about the level of confidence in a selected design parameter, it is, however, subjective and does not provide a numerical measure of the reliability of the data.
Read (2013) suggested a second approach to overcome this difficulty, based on a modified Bayesian approach (Harr 1996) to estimate the expected value of the reliability of a dataset. The method uses a simple spreadsheet format and can be applied to any set of geotechnical data. It is particularly useful for evaluating laboratory testing data. This method supplements the more common approach of using the mean, SD and median for assigning design input values into deterministic process.
The approach outlined above has been applied to triaxial testing derived shear strength data for saprolites from several sites in Ghana and Australia. This testing was undertaken under saturated conditions and is assumed to reflect the expected geotechnical conditions. This data is summarised in Tables 1, 2 and 3, and includes descriptive statistics and the lower (P 25 ), median (P 50 ) and upper (P 75 ) quartile values. Data from Ghana covers four sites and includes information on the parent rock including granitoid (GR), meta-volcanic (MV) and graywacke (GW) rock types. The Australia data is from three sites and only one site had information available on the parent rock type.
For the Ghanaian data, separate sites are summarised as well as combining data from different sites for the same parent rock type. This marginally improved the C v and E[R] values because of a slightly increased sample size. Table 1 Summary of shear strength descriptive statistics and reliability from four Ghanaian sites Table 2 Summary of shear strength descriptive statistics and reliability for combined Ghanaian datasets It is also generally known that slopes rarely fail at their average strength, thus it would be more suitable to use a lower value if a more reliable design is required. Based on the data summarised in this paper it is concluded that using P 25 or mean -0.5 × SD provides inputs that are more in line with the target confidence levels outlined by Read (2009) . An alternative would be to undertake probabilistic design analyses.
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Shear strength and saprolite slope design parameters Figure 6 is a scatter plot of design cohesion versus friction angle from various sites in Australia, Africa, Madagascar and Suriname (Abrahams et al. 2015) ; the data is presented in this way to demonstrate the range of values for the datasets considered. Generally, the cohesion and friction angle form a cluster in the 10-35 kPa and 25-35° range respectively. After removing cohesion outliers (150 and 500 kPa), the mean and SD for cohesion and friction angle are 22.5±10.4 kPa and 28.4±4.4°, respectively. Mining Geomechanical Risk 2019, Perth, Australia Table 4 is a summary of the shear strength parameters and the slope design parameters from various mine sites. Using a generic saprolite based on the properties shown in Table 4 , simple empirical stability analyses were done using the method described by Carranza-Torres and Hormazabal (2018) to demonstrate the impact of choosing different material inputs. A slope height of 50 m at an inter-ramp angle (IRA) of 30° under dry conditions (i.e. no active phreatic surface) was assumed. Relict structure and matric suction have not been included in this example. It is possible to include these; however, this would require a more-sophisticated analysis method. The important thing is to consider uncertainty in the analysis, whether that be for shear strength of the material mass under different groundwater conditions or the shear strength of a relict structure.
For this example, it is noted that mean case provides a higher FS; typically, this would be optimised to an IRA of 34.5° to satisfy a FS of 1.2; using mean -0.5 × SD input values, results in a FS of 1.19 whilst using a P 25 value would require flattening the slope to an IRA of 28.5°. It would be expected that the FS derived using lower input values with a higher reliability, would have a lower PF and a higher design reliability. Understanding the impact of uncertainty on the slope design will contribute to more meaningful assessment of risk. Note: BH = bench height; BFA = batter face angle; BW = bench width; IRA = inter-ramp angle
Conclusion
This paper presents an overview of some issues associated with slope design in residual soils, including discussion on how uncertainty can impact on the slope design. Using saprolite data from several mine sites in Australia, Africa, Suriname and Madagascar an attempt is made to quantify the uncertainty associated with shear strength parameters commonly used as inputs into slope stability analyses for saprolites. It was found that mean values derived from laboratory testing data generally do not meet the target confidence levels for feasibility and implementation as defined by Read (2009) . Using a lower value, such as the P 25 or mean -0.5 × SD, is generally much closer to the target confidence levels for the data presented in this paper. This may be different for dry conditions when matric suction is considered.
Shear strength data and slope design parameters for saprolites from several mine sites is presented within this paper, and it is hoped that it will be of some value to geotechnical engineers practicing in open pit mining.
